Segments of oat ( Avens sativa L.) roots which had been exposed to 1 nillimolar CdSO4 in quarter-strength Hoagland No. 1 solution exhibited decreased respiratory rates, ATP levels, membrane-bound ATPase activity, and reduced K+ fluxes. Respiration and ATP levels were decreased after a 2-hour treatment with 1 millimolar CdSO4 to 65 and 75%, respectively, of control rates. A membrane-bound, Mg2e-dependent, K+- Several studies have been published which assess the toxicity of Cd2" to selected plant species by determination of growth inhibition, cadmium content, and symptomologJr. These studies have indicated species-variable tolerances to Cd + added to either soil (7, 13) or hydroponic culture (18, 22) . Cadmium has been shown to enter barley roots by diffusion (3). The published results suggest that root plasmalemmas are the primary barrier to Cd2+ uptake and that growth may cease prior to a large accumulation of Cd2+ in the shoots (7, 22) . Previous work with mitochondria isolated from animal cells suggests that Cd2+ uncouples oxidative phosphorylation (11, 17) and blocks electron transport (17). Cadmium also inhibits plasma membrane and mitochondrial ATPases isolated from animal cells (17) .
The rates and the degree of Cd2" inhibition of the parameters Usted above suggest that one of the first sites of Cd2+ action is the plasmalemma K+ carrier (ATPase) in oat roots.
Several studies have been published which assess the toxicity of Cd2" to selected plant species by determination of growth inhibition, cadmium content, and symptomologJr. These studies have indicated species-variable tolerances to Cd + added to either soil (7, 13) or hydroponic culture (18, 22) . Cadmium has been shown to enter barley roots by diffusion (3) . The published results suggest that root plasmalemmas are the primary barrier to Cd2+ uptake and that growth may cease prior to a large accumulation of Cd2+ in the shoots (7, 22) . Previous work with mitochondria isolated from animal cells suggests that Cd2+ uncouples oxidative phosphorylation (11, 17) and blocks electron transport (17) . Cadmium also inhibits plasma membrane and mitochondrial ATPases isolated from animal cells (17) .
Some ionic fluxes into roots require expenditure of energy by the cell. While the primary source of energy required for energydependent ionic fluxes is unknown, the two extant hypotheses are: (a) redox-linked reactions possibly of the electron transport chains, (2, 20) ; and (b) ATP supplied energy to plasma membrane-bound ATPases (10) .
The work reported here is concerned with the root plasma membrane, the initial site of Cd2+ action on plants. The (15) . The membrane pellet (13,000-80,000g) was suspended in 0.25 M sucrose and assayed according to the procedure of Leonard et al. (15) at 30 C (pH 6) with Tris-ATP, in the presence or absence of I mm CdSO4. Potassium Uptake. Pretreated root segments were placed in fresh aerated 0.25 H at 24 C ± 1 mm CdSO4. Potassium uptake was determined using 'Rb (6,000 c4m/mol of K+) as a marker for K+ (14) . Cadmium effects on K uptake were determined by two different experiments. The first experiment monitored K+ uptake from the time of addition of CdSO4. The second monitored K+ uptake after incubation in I mm CdSO4 for 2 hr. Uptake treatments were terminated by transferring root segments from the influx medium to 50 ml of ice-cold 0.25 H for 5 min prior to filtration with a Buchner funnel. The root segments were then placed in scintillation vials and counted in 15 ml of scintillation fluid containing 60 g/l of Cabosil (1) .
Potassium Efflux. Potassium efflux was monitored by a compartmental analysis procedure similar to that used by Keck and Hodges (12) . Roots were prelabeled with 'Rb (6,000 cpm/mol of K+) for 15 hr in aerated 0.25 H at 24 C. Labeled root segments were divided into four groups and placed in 25-ml plastic syringes.
Two syringes were at room temperature (24 C) and two syringes were surrounded by ice water (0 C). Efflux solutions (nonradioactive aerated 0.25 H) were of four conditions: 24 C minus I mm CdSO4, 24 C plus I mm CdSO4, 0 C minus 1 mm CdSO4, and 0 C plus I mm CdSO4. (Table II) . When 1 mm CdSO4 was added to the medium, ATP levels declined to 75% of control in 2 hr and to 20% of control levels in 24 hr. This decrease in ATP levels at 2 hr is similar to the decrease in respiration as measured by CO2 evolution (Table I) . Membrane-associated ATPase Activity. A membrane-bound, Mg2+-dependent, K+-stimulated acid ATPase was inhibited by I mM CdSO4 (Table III) . Both the Mg2+ component and the K+ component of the ATPase activity was inhibited. The Mg2+ component was inhibited to two-thirds of control activity while the K+ component was inhibited to 14% of control. Neither the roots nor the isolated membranes were exposed to Cd2+ prior to the assay. Therefore Cd2' rapidly inhibits the K+-stimulated component of the activity. K+ Uptake. Potassium uptake was inhibited when root segments were treated with I mm CdSO4 (Fig. 1, a and b) . Cd2+ inhibition of K+ uptake was first evident at 20 min. At 30 min K+ uptake had been inhibited by Cd2+ to 80% of control (Fig. Ia) . When roots were pretreated in I mm CdSO4 for 2 hr prior to K+ uptake measurements (Fig. 1b) , the uptake rates of Cd2+-treated root segments were reduced to 15% of control values.
K+ Efflux. Cadmium decreased the cytoplasmic K+ efflux from root segments in both temperature conditions (Table IV) C-treated roots (tY2~40 hr). Since cadmium was not added to roots prior to efflux rate determinations, Cd2+ acted rapidly to decrease the K+ permeability of the plasmalemma. DISCUSSION Cadmium, when applied to excised roots at I mm, inhibits respiration, K+ uptake, K+ efflux, membrane-bound Mg2+-dependent K+-stimulated ATPase activity, and decreased ATP levels.
After 2 hr Cd2+ had entered oat root cells equivalent to a 1 mm Cd2+ concentration. This amount of Cd2+ should be sufficient to decrease respiration in oat root cells, as 50 M Cd2+ completely inhibits respiration (02 consumption) in isolated animal mitochondria. The reduction in oat root respiration (CO2 evolution) to 65% of control rates after 2 hr is expected. The surprising finding is that respiration occurs at 50%o of the control rates after a 24-hr (Table IV) which has previously been correlated with K+ uptake (6) . This ATPase is bound to a membrane fraction; one component of this fraction is the plasmalemma (15) . In animal cells I mM Cd2+ inhibited mitochondrial ATPase and plasma membrane ATPase to 70% of control rates and after a 2 mm Cd2" treatment, 50% of control rates remained (17) . Clearly nonmitochondrial ATPases in oats were much more susceptible to Cd2" treatment than animal cell membrane ATPases (Table IV) . While no attempt was made to determine the molecular attachment of Cd2" in these experiments it is interesting to note that the Mg2+-stimulated component of the membrane-bound ATPase is less susceptible to Cd2" than the K+-stimulated component.
Our suggestion that K+ uptake is inhibited by Cd2" without a concomitant inhibition in respiration is not a unique finding. Certain concentrations of heavy metals (Ag+ and Hg2+) and Nethylmaleimide (NEM) which react with sulfhydryls have been shown to inhibit K+ uptake with no effect on respiratory rates (8) .
Clearly Cd2" can alter respiratory rates. In animal mitochondria Cd2" does not alter the redox reactions of Cyt (17) but can alter dehydrogenases (21) and flavoproteins (17) probably by attacking sulfhydryl groups.
The data presented in this paper are consistent with the supposition that one of the first sites of Cd2" inhibition is the K+ carrier of the plasmalemma as described by Hodges (10) . If this assessment is correct, Cd2" should rapidly decrease the membrane potential when I mm Cd2" is added to root cells.
